An indirect triple pass forced convection solar dryer was developed and its per-
Introduction
Thermal drying is an energy intensive processes of removing the moisture content from the agricultural materials due to the use of high grade energy (electricity) for producing hot air. Use of solar energy for producing hot air is an energy efficient option used for drying of agricultural materials. During last decade, many research and developments have been reported with solar dryers [1] . The common conclusion of the reported investigations confirmed that solar dryers are producing the high-quality products using renewable energy sources. Presently, the research and developments with solar dryer are focusing on the performance improvements of solar dryers for food processing [2] . In a related investigation, Aboul-Enein et al. [3] improved the performance of a forced convection solar dryer using sand and granite for drying applications. In another work, Jain [4] enhanced the performance of a solar dryer by integrating it with heat storage medium for different crops. Similarly, El-Sebaii et al. [5] investigated the year-round performance of a double pass forced convection solar air heater using iron scraps packed bed absorber plate. The performance was improved by about 25% when compared to the convenctional flat absorber plate. Mohanraj and Chandrasekar [6] reported that performance of a forced convection solar dryer was significantly improved by using packed bed solar air collectors. Aldabbagh et al. [7] investigated the performance of a single and double pass solar air -------------- heater (using wire mesh packed bed configuration) and reported that the performance was improved by about 45 and 84%, respectively. In another work, the performance of a double pass forced convection solar air heater using wire mesh absorber plate was improved by about 15% when compared to the single pass solar air heater [8] . Banout et al. [9] compared the drying characteristics of red chili in a double pass forced convection solar dryer and concluded that this type of solar dryer is an economical and technically feasible option for drying the red chilies. Similarly, many researchers established drying correlations for predicting the drying behavior of various agriculture materials [10] [11] [12] [13] [14] [15] . The cited literature confirmed that many researchers have investigated the performance of forced convection solar dryers for processing different agriculture materials. However, the possibility of using triple pass forced convection solar dryer using heat storage is reported in open literature. Hence, an attempt has been made in this research work to explore the possibility of using triple pass forced convection solar dryer using wire mesh integrated absorber plate with packed bed configuration. The performance of the dryer was evaluated for processing carrot slices. The drying characteristics in the dryer was evaluated using twelve drying models and compared. Based on the prediction capability, the suitable drying model has been selected for predicting the drying characteristics of carrot.
Materials and methods
The triple pass forced convection solar dryer with wire mesh and packed bed absorber plate configuration was developed and evaluated its performance under the climatic conditions of Coimbatore (latitude 11.0183° N; longitude 76. 9725° E) during the year 2016.
Experimental set-up
The schematic representation of a triple pass forced convection solar dryer is shown in fig. 1 . The experimental set-up consists of a blower of 560 W power capacity, triple pass flat plate solar air collector (2 × 1 m), and a drying chamber (1.5 × 1 × 1 m). The wire mesh is placed in the path of air flow for increasing the rate of heat absorption. The solar air collector has two transparent glass plates with 4 mm thickness. In addition, the dryer can hold granular sensible heat storage materials in the packed bed of volume 1.97 × 0.97 × 0.05 m. The three passes in the solar air collector are: between first and second glass, between the second glass and the top surface of sensible storage bed, and bottom surface of sensible storage bed and inside bottom surface of collector. The absorber plate and wire meshes are coated with black paint to increase the rate of heat absorption. The air passes between two glasses as first pass, then passes through the absorber and glass, finally the air flows below the packed bed as third pass. The packed bed is filled with a sand with grain size of 2 mm and specific heat capacity of 830 J/kg °C. Sand can absorb and retain the thermal energy during peak sunshine hours and release during off sunshine and during fluctuations in sunshine hours. The solar flat plate air collector was tilted to 11° facing south to increase the rate of heat absorption according to the latitude of the location. The bottom side of the solar air collector and sides of the air collector are insulated with glass wool of thickness of 50 mm thickness to reduce heat losses. The divergent and convergent sections are provided at the entry and exit of the solar air collector. The divergent portion was connected to a blower and the convergent portion was connected to a drying chamber. The drying chamber is having three trays with perforation of 95% porosity for holding the products to be dried.
Instrumentation
The solar irradiation was measured by solar power meter with an accuracy of ±10 W/m 2 . The temperature at typical locations are measured using K-type thermocouples 
-velocity of air at collector entry, V 2 -velocity of air at tray entry, R amb -relative humidity of ambient air, R in -relative humidity of air at drying chamber inlet, R out -relative humidity of air at drying chamber outlet
with an accuracy of ±0.5 °C. All the thermocouples are connected to a digital temperature indication of 0.1 °C resolution. Ambient wind velocity was measured by a digital anemometer with an accuracy of 0.1 m/s. The relative humidity of the air was measured by thermohygrometer using a probe with digital display having an accuracy of ±2%. The weight of the samples was measured by electronic weighing machine with an accuracy of 0.01 kg. The air mass flow rate was measured by a U-tube manometer connected with an orifice-meter placed in the path of air flow. The pressure drop across the solar collector was measured using an inclined (30° with horizontal) tube manometer having 0.5 mm least count and scale of 0-50 mm connected between the inlet and outlet of solar air collector.
Experimental procedure
The selected good quality carrots were sliced with 5 mm thick washed using boiling water at 90 ± 2 °C for the period of 5 minutes. The washed carrot samples were cooled immediately to room temperature. The pre-treated carrot slices were loaded over the trays of the drying chamber. The air velocity over the trays was adjusted to an optimum value 0.062 kg/s. Three trial experiments were carried out with similar ambient conditions to confirm the consistency in drying characteristics of carrot samples. All the experimental observations and drying characteristics were monitored for investigating the performance and drying characteristics.
Uncertainty analysis
The uncertainties in measuring temperature, air mass flow rate, humidity, and weight of the samples were determined using following equation: ...
where R is a given function in terms of the independent variables. Let w r be the uncertainty in the result and w 1 , w 2 , …, w n be the uncertainties in the independent variables. The result R is a given function of the independent variables x 1 , x 2 , x 3 , …, x n . The uncertainties in useful heat gain of collector, collector efficiency and the moisture ratio are ±0.199%, ±0.199%, and ±0.141%, respectively.
Data analysis
The equations used for predicting the drying characteristics of carrot slices in a triple pass solar dryer and the energy performance of a solar dryer are described in this section.
Drying characteristics
The initial moisture content was estimated by selecting five randomly selected samples with mass of 10 ± 1 g. These samples are kept in a convective oven by maintaining the temperature around 105 °C for the period of about four hours. The initial and final mass of the samples were measured using electronic balance with an accuracy of 0.01 g. The moisture content on wet basis was estimated by following equation:
The rate of drying was estimated by:
The moisture ratio is evaluated using the relation:
The equilibrium moisture content of the product is the safe level up to which the moisture can be removed. Table 1 shows different drying models used for predicting the drying characteristics of carrot slices [13] .
The coefficients of each drying model were predicted based on the experimental trials. The accuracy of the model was predicted using reduced chi-square (χ 2 ) and root mean square error (RMSE). It is given by the equations: 
where MR exp,i is the experimentally predicted moisture ratio, MR pre,i -the predicted moisture ratio, N -the number of observations, and n -the number of a model's constants.
Dryer performance
The dryer performance was evaluated in terms of dryer thermal efficiency and its pick-up efficiency. The dryer thermal efficiency was estimated using following equation: The pick-up efficiency was evaluated to determine the capacity of the dryer [15] . The dryer pick-up efficiency and specific moisture extraction rate (SMER) are evaluated using the equations: 
The pressure drop across the triple pass solar air collector is calculated by:
where ΔP [Nm -2 ] is the pressure drop, ρ [kgm -3 ] -the density of the manometer liquid (water), θ -the angle of inclination, and l [m] -the water column.
Economic analysis of dryer
The economic analysis of solar dryer is an important parameter to increase acceptability for commercial applications. Payback period is the period required to get back the capital investment and the simple payback period is calculated:
No. Model name Model
Henderson and Pabis MR = a exp(-kt) where P b is the payback period in years, C -the capital cost of solar dryer in rupees, and Pr -net profit per year. The net profit can be calculated:
The cost of dried product can be calculated:
where C r is the raw material cost of the product, C o -the operational cost, C m -the maintenance cost, L w -the labor cost, and P k -the packaging cost. Table 2 shows the economic analysis of solar dryer. 
Results and discussion
The drying characteristics of carrot slices observed in a triple pass forced convection solar dryer and the energy performance characteristics of a triple pass forced convection solar dryer are discussed in this section. In fig. 2 , the variation of solar irradiance, air temperature at collector inlet and outlet, and ambient temperature on a typical day observation is illustrated. The solar irradiation was varied from about 490 to 1020 W/m 2 . A maximum solar irradiation of about 1020 W/m 2 was observed at 13.00 hours. The air temperature at the collector inlet was observed between 34 and 38 °C. The inlet air temperature gets increased by 1 to 6 °C due to the effect of pumping effect in the blow- er. It is also observed that, the outlet air temperature has minimum fluctuations due to the presence of sensible heat storage in the absorber plate and aluminum wire mesh in the path of air flow. The air collector harvests the solar energy during sunshine hours and retains the heat in the sensible heat both in heat storage medium and also in wiremesh. Moreover, the presence of wiremesh will produce turbulence effect in the path of air flow, which enhances the heat transfer coefficient between air and the absorber plate and maintains consistent temperature in the dryer cabin also. Similarly, the hourly variation of instantaneous air collector thermal efficiency is depicted in fig. 3 . The air collector efficiency was varied from about 14% to the maximum value of 63% with an average value of about 44%. High air collector thermal efficiency was observed even during off sunshine hours due to the presence of heat storage medium. The thermal efficiency of triple pass solar air collector observed in this work was found to be about 20% higher when compared to the earlier investigation reported by Banout [9] . The efficiency of triple pass dryer is 1.53% higher when compared to the double pass solar dryer using fins with an air mass flow rate of 0.06 kg/s [9] . The pickup efficiency was varied from about 14 to about 43%. During initial stages of drying, the pick-up efficiency is in higher due to evaporation of free moisture from the surface of the product and gets reduced during latter stages of drying. The moisture ratio of carrot slices with reference to drying time is illustrated in fig. 4 . From this plot, it is confirmed that, the initial moisture content of the carrot slices was reduced from about 87.5% (on wet basis) to final moisture content of about 9% in 6 hours.
Moreover, it is also observed that drying starts in falling rate drying period for the period of 5 hours due to the evaporation of free moisture present in the surface of the product and converted into constant drying period due to the internal moisture migration of about one hour. Temperature inside the dryer cabin was maintained higher than ambient temperature, which influences the drying duration in the case of triple pass forced convection solar dryer compared to the conventional sun drying. The pressure drop across the solar air collector with reference to different air mass flow rate is illustrated in fig. 5 . From this figure, it is confirmed that the pressure drop gets increased with increase in air mass flow rate. However, the higher air mass flow rate is required to circulate through the product bed. Hence, the air mass flow rate of 0.06 kg/s was selected as an optimal value. The influence of air mass flow rate over the collector efficiency is illustrated in fig. 6 . It is confirmed that maximum air collector efficiency was ob- served only for the air mass flow rate of 0.062 kg/s. The regression analysis was carried out for twelve thin layer drying models to correlate the drying time, t, and moisture ratio, MR, for solar drying. Based on correlation coefficient R 2 , reduced chi-square χ 2 and RMSE, the Levenberg-Marquardt method was selected as curve fitting technique in non-linear regression analysis. The results of statistical analysis for modeling are given in tab. 3. Wang and Singh thin layer drying model was identified as the most suitable model for predicting the drying behavior with maximum correlation coefficient (R 2 = 0.99903) with low RMSE and reduced chi-square. 
